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Abstract FtsY, the Escherichia coli homologue of the eukar-
yotic SRP receptor (SRa), is located both in the cytoplasm and 
in the inner membrane of E. coli. Similar to SRa, FtsY consists 
of two major domains: a strongly acidic N-terminal domain (A) 
and a C-terminal GTP binding domain (NG) of which the crystal 
structure has recently been determined. The domains were 
expressed both in vivo and in vitro to examine their subcellular 
localization. The results suggest that both domains associate with 
the membrane but that the nature of the association differs. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
In eukaryotic cells, cotranslational targeting and insertion 
of proteins into the membrane of the endoplasmic reticulum 
(ER) is mediated by the signal recognition particle (SRP) and 
its receptor (SR) (for a recent review see [1]). The SRP con-
sists of six polypeptides arranged on a 7S RNA scaffold. It 
binds via its 54 kDa subunit (SRP54) to hydrophobic target-
ing signals in short nascent polypeptides and inhibits further 
elongation. Interaction of the complex with the oc-subunit of 
the SR in the membrane relieves the arrest of elongation and 
allows insertion of the nascent protein into the translocation 
pore of the ER membrane. SRß functions as a membrane 
anchor for SRa. SRP54, SRa and SRß are GTPases and 
GTP binding and hydrolysis are thought to induce conforma-
tional changes that regulate the targeting cycle. 
In Escherichia coli, a related but less complex SRP machin-
ery has been discovered. An SRP consisting of P48 (SRP54 
homologue) and 4.5S RNA (7S RNA homologue) was shown 
to interact with nascent secretory and membrane proteins 
[2-4]. Recent genetic and biochemical evidence indicates that 
inner membrane proteins are particularly dependent on a 
functional SRP for proper targeting and membrane assembly 
[5-8]. 
Based on sequence similarity [9,10], affinity for SRP in vitro 
[11] and defective secretion upon depletion in a conditional 
strain [12], an E. coli homologue of SRa has been identified 
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receptor; SRP, signal recognition particle; WT, wild-type 
(FtsY). FtsY and SRa contain two distinct domains: a highly 
charged N-terminal domain (the A domain) which in SRa is 
involved in membrane association and a C-terminal domain 
(the NG domain) of which the crystal structure has recently 
been determined [13]. The structure reveals the existence of 
three subdomains: the a-helical N domain (197-280), the G 
domain that is related to the Ras GTPases (291^195) and the 
surface exposed I box (333-377), an α-β-α insertion in the G 
domain that is postulated to play a role in interaction with 
regulatory proteins. 
FtsY is located partly in the cytosol and partly in the cy-
toplasmic membrane [12]. The mechanism of the association 
with the membrane is unclear. FtsY is a highly charged pro-
tein that does not contain any predicted membrane spanning 
segments. In addition, no obvious SRß homologues have been 
identified in the E. coli genome sequence. In this study the 
structural domains of FtsY have been expressed separately 
and their ability to associate with the cytoplasmic membrane 
has been examined both in vitro and in vivo. 
2. Materials and methods 
2.1. General methods 
Recombinant DNA techniques were carried out as described [14]. 
Protein concentration was determined according to Bradford [15]. 
Radiolabeled protein bands on dried polyacrylamide gels were visual-
ized by Phosphorlmaging using a Molecular Dynamics Phosphor Im-
ager 473 and quantified using the Imagequant quantification software 
from Molecular Dynamics. 
2.2. Strains and medium 
E. coli BL21 F~ hsdS gal (DE3) harboring pLysE or pLysS was 
used for expression offtsY (domains) cloned in pET vectors [16]. E. 
coli TOP10F (Stratagene, La Jolla, CA) was used for expression of 
ftsY (domains) cloned in pCL1920. E. coli MC4100 (F" AlacU169 
araD 136 rpsL thi rei A) was used for the preparation of lysates and 
vesicles for in vitro targeting reactions. N4156: :pAral4-FtsY [12] was 
used in complementation experiments. This strain was grown in LB 
supplemented with 0.4% fructose and 0.2% L-arabinose. The other 
strains were routinely grown in LB supplemented with 0.4% glucose 
and the appropriate antibiotics. 
2.3. Cloning of FtsY (domains) 
The constructions of pET9-FtsY and pET9-FtsY-NG have been 
described previously [12,17]. They encode full length FtsY and the 
NG fragment of FtsY containing the residues 197-497 plus six histi-
dine residues at the C-terminus respectively. pET16b-FtsY-A encod-
ing residues 1-197 was created by subcloning the PCR amplified 5' 
end of the FtsY gene in pET16b. pET9-FtsY-G encoding residues 
282^498 plus six histidine residues at the C-terminus was created by 
PCR amplification of the coding sequence. pET9-FtsY was used as a 
template in all PCRs. The expression vectors pET9 and pET16b were 
used for cloning of ftsY (segments) and have been described previ-
ously [16]. The ftsY (domains) mentioned above were also subcloned 
from their respective pET vectors into the low copy number expres-
sion vector pCL1920 [18] using Xbal and BamHl. 
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Fig. 1. Domain structure of FtsY and domains cloned in expression 
vectors. A, acidic domain; N, a-helical domain; G, GTP binding 
domain. 
2.4. In vitro transcription, translation and targeting 
The in vitro transcription, translation and targeting reactions were 
carried out basically as described using S-135 extracts and inverted 
cytoplasmic membrane vesicles (IMVs) [19]. After the targeting reac-
tion, the membranes were collected by centrifugation through a su-
crose cushion as described [20]. Association of the FtsY derivatives 
with the pelleted membranes was analyzed by flotation centrifugation 
(Valent and Luirink, in preparation). For flotation, the pellets were 
resuspended in 15 μΐ buffer I (50 mM HEPES-KOH pH7.6; 500 mM 
KOAc; 5 mM Mg(OAcfe) and mixed with 105 μΐ buffer III (50 mM 
HEPES-KOH pH7.6; 500 mM KOAc; 5 mM Mg(OAc)2; 250 mM 
sucrose; 50% OptiPrep (Nycomed Pharma AS, Oslo, Norway)). The 
samples were transferred to 1 ml tubes, overlaid with 580 μΐ of buffer 
II (50 mM HEPES-KOH pH7.6; 500 mM KOAc; 5 mM Mg(OAc)2; 
125 mM sucrose; 30% OptiPrep) and 300 μΐ buffer I and then centri-
fuged (166000Xg, 3 h, 4°C, TLS55 rotor, Beckmann). Four fractions 
(350 μΐ, 200 μΐ, 200 μΐ and 250 μΐ) were collected from the top and 
subjected to TCA precipitation. After precipitation, the samples were 
analyzed by SDS-PAGE and Phosphorlmaging. 
2.5. Subcellular localization of FtsY 
Subcellular fractions were prepared essentially as described [21]. 
Cells were lysed by freezing and thawing combined with short ultra-
sonic treatment. The cell debris was removed from the lysate by sed-
imentation (7000 Xg for 15 min). Cell envelopes were separated from 
the soluble fraction (containing cytoplasmic and periplasmic proteins) 
by ultracentrifugation (356000Xg for 45 min). Peripheral cytoplasmic 
membrane proteins were extracted from cytoplasmic membrane 
vesicles with 1 M NaCl, 4 M urea and 0.2 M Na2C03 as described 
[22]. 
3. Results and discussion 
3.1. Cloning and expression offtsY domains 
FtsY consists of two domains, the highly charged N-termi-
nal A domain and the C-terminal N G domain. Based on the 
recently solved crystal structure, the N G domain can be sub-
divided into the N domain (N-terminal) and the Ras-like G 
domain (C-terminal) which are connected by a linker peptide 
Fig. 2. Expression and subcellular distribution of FtsY domains. BL21(DE3) harboring pET16b-FtsY-A and pLysS or pET9-FtsY-NG and 
pLysE or pET9-FtsY-G and pLysE were grown to a culture turbidity at 660 nm of 0.3 and induced with 0.4 mM IPTG (A). Alternatively, the 
cells were induced with 50 μΜ IPTG (FtsY-A), 5 μΜ (FtsY-G) or left uninduced (FtsY-NG) (B). The cells were collected 2 h after induction, 
lysed and subjected to differential centrifugation. The protein concentration in the soluble fraction (S) was determined and 5 μg was applied 
per lane. Matched amounts of membrane pellet fraction (P) and total cell lysate (T) were applied as indicated. The fractions were analyzed by 
SDS-PAGE and Coomassie R-250 staining (A) or immunoblotting (B). The positions of molecular weight markers and FtsY domains are indi-
cated. 
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Fig. 3. Immunoblot analysis of IMVs purified from cells that ex-
press FtsY domains. IMVs were purified from cells that express 
FtsY-A (lane 2), FtsY-NG (lane 3), FtsY-G (lane 4) and control 
BL21(DE3) cells (lane 1). Expression was induced as indicated in 
the legend of Fig. 2 except that the induction time was 1 h. 0.05 
OD280 units of IMVs were applied per lane and analyzed by immu-
noblotting using a polyclonal antiserum raised against purified 
FtsY. 
(residues 282-292) [13]. The interdomain interface is mainly 
hydrophobic and involves a number of conserved residues. To 
facilitate structure-function studies, we cloned the A domain, 
the NG domain and the G domain separately in pET expres-
sion vectors (Fig. 1). 
All domains were expressed albeit with different efficiencies 
(Fig. 2, cf. lanes 1, 4 and 7). FtsY-A migrated as a character-
istically 'bulged' band at 43 kDa, whereas its predicted mo-
lecular mass is 22 kDa (Fig. 2, lane 1). In contrast, FtsY-NG 
and FtsY-G migrated at their expected molecular weights in 
SDS-PAGE (Fig. 2, lanes 4 and 7, respectively). This suggests 
that the aberrant slow and 'bulged' migration of full length 
FtsY in SDS-PAGE [12] is due to the extremely charged N-
terminal part of the protein [23]. The bands were positively 
identified as derived from FtsY by means of immunoblotting 
using a polyclonal antiserum raised against purified FtsY (not 
shown). 
Expression of FtsY-A and FtsY-NG induced some cell fil-
amentation (not shown) similar to the effect of FtsY-WT ex-
pression [12]. Expression of FtsY-G induced the formation of 
large polar inclusion bodies (not shown), which might be 
caused by exposed hydrophobic side chains that are buried 
in the N/G interface of WT FtsY. 
3.2. Complementation of FtsY conditional strain 
FtsY is essential for cell growth. Thus, a conditional strain 
that carries fts Y under control of the arabinose promoter is 
only able to sustain growth in the presence of arabinose [12]. 
To test the ability of the domains to functionally complement 
FtsY depletion, they were introduced into the fts Y conditional 
strain. For this purpose the domains were recloned under lac 
promoter control in pCL1920 that carries a pSClOl origin 
and is able to replicate in the fts Y conditional strain which 
is pol A. None of the mutants was able to grow in the absence 
of arabinose even when expression of the domains was in-
duced with up to 1 mM IPTG and could be visualized by 
immunoblotting (data not shown). In contrast, WT FtsY 
cloned in pCL1920 supported growth even in the absence of 
both arabinose and IPTG probably due to leakiness of the lac 
promoter. From these data we conclude that the structurally 
distinct domains of FtsY are not functional when expressed as 
a separate entity. It is conceivable that truncated FtsY lacks 
important information for activity (like recognition of the 
SRP) or targeting of the protein to its cellular location. 
3.3. Subcellular localization of FtsY domains in vivo 
FtsY is an unusual protein in that it is located both in the 
cytosol and in the inner membrane whereas it is highly 
charged and does not contain any obvious membrane span-
ning sequences. To investigate if the domains harbor any tar-
geting information, the subcellular location of the domains 
was determined. Cells fully induced to express the separate 
domains were disrupted and subjected to differential centrifu-
gation to separate unlysed cells and possible inclusion bodies 
(in low speed pellet, not shown) from membrane associated 
material (in high speed pellet) and soluble proteins (in super-
natant). FtsY-A was located primarily in the soluble fraction 
though a fraction was clearly in the membrane pellet (Fig. 2A, 
lanes 2 and 3) resembling the distribution of (overproduced) 
FtsY-WT [12]. FstY-NG was almost exclusively found in the 
membrane fraction (Fig. 2A, lanes 5 and 6). As expected, 
FtsY-G was mainly lost in the low speed pellet as a result 
of extensive inclusion body formation but there was also a 
notable fraction of FtsY-G that came down with the mem-
branes (Fig. 2A, lane 8). To minimize localization artefacts 
due to the high expression, the domains were also expressed at 
a low level that requires immunoblotting for detection (Fig. 
2B). The distribution of FtsY-NG and FtsY-G appeared un-
altered (Fig. 2B, lanes 4-9) although aggregation of FtsY-G 
was less apparent. FtsY-A localization was somewhat shifted 
towards the membrane possibly due to a relatively higher 
number of available membrane attachment sites (see below). 
It cannot be excluded that separately expressed FtsY do-
mains at any expression level form small aggregates that co-
fractionate with the membranes. In order to examine this 
possibility, IMVs were isolated from cells expressing FtsY 
domains by sucrose density centrifugation and subjected to 
extraction with different chemical agents. In Fig. 3 an immu-
noblot is shown of the purified IMVs. Apparently, all do-
mains cofractionated with the IMVs (Fig. 3, lanes 2, 3 and 
4). It is notable that, although the amount of FtsY-A in the 
Fig. 4. Extraction of IMVs purified from cells that express FtsY do-
mains. IMVs (0.1 OD28o units) were treated with the indicated 
agents. Pellet (P) and soluble (S) fractions were analyzed by immu-
noblotting using a polyclonal antiserum raised against purified 
FtsY. 
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Fig. 5. Association of in vitro synthesized FtsY domains with IMVs. FtsY (domains) were synthesized in the presence of wild-type IMVs. After 
synthesis, the samples were sedimented through a sucrose cushion. The supernatant (S) was withdrawn and the pellet resuspended and subjected 
to flotation gradient analysis. Four fractions were taken from top (Fl) to bottom (F4). All samples were TCA precipitated and analyzed by 
SDS-PAGE and Phosphorlmaging. A quantitation of the Phosphorimage data is presented at the right hand side of each image. The total 
amount of FtsY (domains) present in supernatant and combined flotation fractions was set at 100%. Extra bands present below the expected 
molecular weight of FtsY-WT, FtsY-NG and FtsY-G probably represent degradation products as has been observed before for FtsY-WT [12]. 
The experiment was done twice with almost identical outcomes. The results of one experiment are shown. 
IMVs is relatively low, it has a drastic effect on the amount of 
the endogenous FtsY in the membrane (Fig. 3, lane 2). Pos-
sibly, FtsY-A competes with endogenous FtsY for a limited 
number of membrane binding sites. 
To examine the nature of the membrane association in 
more detail, the IMVs were treated with 1 M NaCl, 4 M 
urea or with 0.2 M ЫагСОз to remove peripherally associated 
proteins and with 0.05 M NaCl as a control incubation (Fig. 
4). The association of FtsY-A domains was relatively resistant 
to extraction with 1 M NaCl, almost completely susceptible to 
extraction with 4 M urea, whereas a substantial fraction was 
also extracted upon treatment with 0.2 M №гСОз. This sug-
gests that most but not all of FtsY-A is peripherally associ-
ated with the membrane similar to FtsY-WT [12]. The asso-
ciation of FtsY-G and especially FtsY-NG was more resistant 
to extraction with urea and Na2C03 suggesting that the na-
ture of their association with the membrane differs from that 
of FtsY-A. 
3.4. Targeting of FtsY domains in vitro 
To examine the targeting of FtsY in more detail, we deter-
mined the in vitro association of FtsY and of the FtsY do-
mains expressed in an S-135 extract in the presence of IMVs. 
After protein synthesis, the IMVs were purified by sedimenta-
tion through a high salt sucrose cushion and then subjected to 
flotation gradient analysis (Fig. 5). 
A substantial fraction of FtsY-WT (33%) was found in the 
top two fractions of the flotation gradient (Fig. 5A, lanes 2 
and 3) which is comparable to the fraction of integral mem-
brane proteins like Lep and FtsQ that float with the mem-
branes under these conditions (Valent and Luirink, manu-
script in preparation). This suggests that FtsY-WT is able to 
associate efficiently with the inner membrane in vitro. In 
marked contrast, virtually no FtsY-A (1%) moved with the 
membranes (Fig. 5B, lanes 2 and 3). The residual sedimented 
material remained in the bottom fraction suggesting that part 
of the originally sedimented FtsY-A was not associated with 
the membrane (Fig. 5B, lane 5). This is supported by the 
presence of a similar percentage of sedimented material in 
this fraction when IMVs were lysed with Triton X-100 prior 
to sedimentation (not shown). The reason for the apparent 
discrepancy between the in vitro and in vivo localization of 
FtsY-A remains unclear but may be related to differences in 
folding and a tendency to aggregate in vitro. 
A significant fraction of FtsY-NG (16%) and FtsY-G (12%) 
was found in the top fractions (Fig. 5C,D, lanes 2 and 3) 
indicative of association with the membrane. Again, a fraction 
of the originally sedimented material remained in the bottom 
fraction (Fig. 5C,D, lanes 5), also when IMVs were lysed with 
Triton X-100 prior to sedimentation (not shown). This frac-
tion is especially significant for FtsY-G which may reflect its 
tendency to aggregate in vivo. 
4. Concluding remarks 
This study underlines the unusual mechanism by which 
FtsY associates with the membrane. The structurally distinct 
A and NG domains both seem to have affinity for the inner 
membrane but do not contain sequences sufficiently hydro-
phobic to anchor the protein in the membrane. 
The nature of the interaction of FtsY-A with the membrane 
in vivo resembles that of WT FtsY [12]. The A domain is 
extremely negatively charged (pi 3.9) and unlikely to interact 
directly with phospholipids. Rather, it seems plausible that a 
receptor exists that plays a role in the membrane assembly 
of this domain possibly by a direct (electrostatic?) interac-
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tion similar to membrane assembly of SRa by SRß in the 
mammalian system [24]. The dynamics of the interaction 
might be regulated by conformational changes in the NG do-
main. 
The NG domain is located partly at the inner membrane 
but the nature of the association seems different from that of 
WT FtsY given the stronger resistance to alkali and urea 
treatment. Also, in contrast to FtsY-A, FtsY-NG expression 
does not compete with WT FtsY for membrane association. 
Possibly, FtsY-NG is in direct contact with the lipid bilayer. 
This contact is probably mediated by the G domain since 
FtsY-G behaves like FtsY-NG in our fractionation studies. 
In addition, the electrostatic surface potential of FtsY-NG 
shows that the surface of the N domain is also negatively 
charged (Montoya and Sinning, unpublished), which makes 
a direct interaction with the phospholipids unlikely. Based 
on the structure it has been proposed that the G domain 
interacts with P48 [13]. Apparently, the association of the 
NG domain with the membrane is not sufficient to function 
as receptor for the SRP in E. coli. Interestingly, several bac-
terial FtsY homologues consist of only the NG domain (T. 
Samuelsson, personal communication). 
After we had finished this study, Zelazny and coworkers 
[25] reported that FtsY lacking the A domain cannot comple-
ment FtsY depletion, which is consistent with our findings. 
Replacement of the A domain by integral membrane spanning 
segments from another inner membrane protein restored 
growth to a certain extent indicating that the A domain bears 
essential targeting information. Another study that demon-
strates the importance of the A domain in FtsY localization 
and functioning was recently reported by Powers and cowork-
ers [26]. E. coli SRP and FtsY were shown to support cotrans-
lational targeting to mammalian microsomes. Removal of the 
first 46 residues of FtsY impaired but did not completely 
abolish membrane association of FtsY and reduced the effi-
ciency of protein targeting suggesting that the two events are 
related. Increasing the concentration of this truncated FtsY 
could partly restore the targeting efficiency indicating that the 
residual part of FtsY also has some affinity for the micro-
somal membranes and retains activity. 
Taken together these studies suggest that the A domain 
assists in targeting of FtsY to the membrane but is not abso-
lutely indispensable. Functioning of the NG domain alone 
appears to depend on the organism or in vitro system used 
for reasons that remain unclear at present. 
The subcellular distribution of FtsY is reminiscent of SecA, 
which is also a nucleotide binding protein and does not con-
tain hydrophobic transmembrane sequences [22]. SecA is a 
translocon component that has affinity both for membrane 
lipids and the integral translocon component SecY (reviewed 
in [27]). Recent evidence indicates that SecA shuttles between 
a membrane inserted and de-inserted state, a process that is 
regulated by ATP binding and hydrolysis [28]. It is tempting 
to speculate that membrane assembly of FtsY is of similar 
complexity. 
We are currently investigating the nature of membrane as-
sembly of FtsY in more detail with special emphasis on a 
possible membrane receptor for FtsY. The in vitro assay 
should allow the identification of such a receptor. 
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